A global multi-sensor satellite examination of aerosol indirect effects on warm oceanic clouds is presented. The study centers on the water path response of cloud to aerosol burden. A unique element of the study is a rigorous rain screening methodology that is utilized to separate the responses of non-raining and raining clouds. It is demonstrated that high aerosol environments are associated with reduced liquid water path in non-precipitating clouds and that the reduction in liquid water path reduces the albedo enhancement expected from decreasing effective radius. Furthermore the reduction in liquid water path is greater in thermodynamically unstable environments than in stable environments suggesting a greater sensitivity of cumulus cloud than stratiform cloud liquid water path to aerosol. In sharp contrast with non-precipitating clouds, the cloud liquid water path of transitional and precipitating clouds increases dramatically with aerosol, which may be indicative of an inhibited coalescence process. The evidence further indicates that increasing aerosol requires greater amounts of cloud condensate before the onset of precipitation. Additional support for this hypothesis is found in a reduction in the probability of precipitation by as much as 10% depending on the thermodynamical state of the environment. Independent estimates of the broadband cloudy-sky albedo are used to confirm that the cloud albedo responds to the trends that are identified in the liquid water path. In particular, it is found that the water path effect dominates the cloud albedo response for precipitating and transitional clouds. aerosol and cloud albedo is greatest in the extratropics and subtropical stratus regions primarily in the winter hemisphere. These relationships are used to estimate the magnitude of the first indirect effect as -0.42 W/m 2 .
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Abstract.
A global multi-sensor satellite examination of aerosol indirect effects on warm oceanic clouds is presented. The study centers on the water path response of cloud to aerosol burden. A unique element of the study is a rigorous rain screening methodology that is utilized to separate the responses of non-raining and raining clouds. It is demonstrated that high aerosol environments are associated with reduced liquid water path in non-precipitating clouds and that the reduction in liquid water path reduces the albedo enhancement expected from decreasing effective radius. Furthermore the reduction in liquid water path is greater in thermodynamically unstable environments than in stable environments suggesting a greater sensitivity of cumulus cloud than stratiform cloud liquid water path to aerosol. In sharp contrast with non-precipitating clouds, the cloud liquid water path of transitional and precipitating clouds increases dramatically with aerosol, which may be indicative of an inhibited coalescence process. The evidence further indicates that increasing aerosol requires greater amounts of cloud condensate before the onset of precipitation. Additional support for this hypothesis is found in a reduction in the probability of precipitation by as much as 10% depending on the thermodynamical state of the environment. Independent estimates of the broadband cloudy-sky albedo are used to confirm that the cloud albedo responds to the trends that are identified in the liquid water path. In particular, it is found that the water path effect dominates the cloud albedo response for precipitating and transitional clouds. Finally, regional analysis demonstrates that the magnitude of the relationship between
Introduction
It has been proposed that anthropogenic aerosols may indirectly affect the Earth's radiation budget through their action as cloud condensation nuclei (CCN). The theories follow from the observation that cloud droplet number concentrations are related to aerosol number concentrations therein providing a pathway through which aerosol may affect cloud microphysical properties. Two indirect effects have been identified. The first indirect effect proposed by Twomey [1977] may be understood through the relationship for the visible optical depth [Stephens, 1978] given by,
where τ is the cloud optical depth, LWP is the cloud liquid water path, ρ l is the density of water and the effective radius is defined as, r e = r 3 n(r)dr r 2 n(r)dr ,
where n(r) is the cloud droplet size distribution as a function of radius (r). The theory posits that for a constant liquid water path, an increase in CCN concentration will result in a decrease in the cloud droplet effective radius resulting in a corresponding increase in cloud optical depth. Furthermore, cloud albedo (α cld ) is primarily a function of τ , which through Equation 1 is a function of r e and LWP, α cld ≈ F (τ ) = F (r e , LWP).
It follows that for a given LWP, increased CCN concentrations should be associated with brighter clouds, resulting in a negative radiative forcing that would oppose the positive forcing of anthropogenic greenhouse gasses. In addition to this first indirect effect, anthro- pogenic aerosol may affect the onset of precipitation [Albrecht, 1989] by modifying droplet size distributions and inhibiting the coalescence process. This, in turn, may extend cloud lifetime, enhance cloud water contents and increase cloud fraction thus providing an additional negative radiative forcing.
To date, global satellite surveys of the first indirect or Twomey effect have used data from visible and infrared imagers. This approach logically follows from the capability of these instruments to observe both aerosol properties in clear skies along with cloud microphysical properties. The relevant observables from these sensors include the cloud optical depth and effective radius along with an aerosol index (AI). The aerosol index is given by AI = τ a α a , where τ a is the aerosol optical depth and α a is the Angstrom exponent. Under some assumptions, AI is representative of the column CCN concentration [Nakajima et al., 2001] . As an example of this approach, Nakajima et al. instrument to expand on this analysis, demonstrating that negative r e correlations exists over both land and ocean.
Because the chain of events relating aerosol to increased cloud lifetime involves poorly understood microphysical and dynamical processes it has been difficult to demonstrate causal relationships between aerosol and albedo resulting from precipitation suppression.
On local scales, remote sensing [Rosenfeld, 2000] and in-situ observations indicate that enhanced aerosol concentrations can indeed suppress precipitation.
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The expected effects on cloud lifetime are more difficult to observe with current remote sensing observations, however it is commonly assumed that cloud fraction and cloud lifetime are related. Therefore, analysis of the second indirect effect tends to focus on modification of the cloud fraction by enhanced aerosol concentration. For example, Sekiguchi et al. [2003] show a correlation between AI and cloud fraction on the global scale suggestive of widespread precipitation suppression. In contrast to this evidence, modeling studies [Jiang et al., 2006] suggest that CCN concentrations may not significantly effect cloud lifetime or the cloud fraction. In an attempt to understand the intermediary relationships involved in second indirect effects, Matsui et al. [2004] show a negative correlation between AI and a column integrated effective radius that is more indicative of precipitation than the cloud top r e . They further show that this relationship is independent of the lower tropospheric static stability (LTSS).
Whereas the global scale direct microphysical response of clouds to increased aerosol burden appears to be well established, the liquid water path response of clouds is less well established. For example the Sekiguchi et al.
[2003] study shows a positive correlation between the AVHRR water path and the column CCN on the global scale whereas Matsui et al. [2006] show a negative correlation. Han et al., [2002] identify that the correlation between these parameters may be positive or negative and varies regionally while the results of Kaufman et al. [2005] suggest that the sign of the response may depend on aerosol type. Even within a given region or cloud type, evidence from both remote sensing [Coakley and Walsh, 2000] and in situ analyses indicate that the liquid water response of individual clouds may be either positive or negative.
Furthermore, modeling studies [Ackerman et al., 2004] , [Wang et al., 2003] frequently
demonstrate decreases in cloud water path resulting from increased entrainment of subsaturated air leading to increased droplet evaporation. On the other hand the second indirect effect would predict increases in cloud water path with increased aerosol burden and both observations and modeling studies support this hypothesis as well. In short, two primary competing effects have been identified that govern the liquid water path response of clouds to aerosol. The first effect is that of enhanced entrainment rates and evaporation that acts to reduce liquid water path and the second is that of inhibition of coalescence rates that acts to suppress precipitation and enhance liquid water path.
Reviewing Equation 3
, it is seen that cloud albedo is a function of both the effective radius and the liquid water path. It follows that quantification of aerosol indirect effects requires understanding the complicated dependence of LWP on aerosol burden.
Whereas previous research has primarily focused on understanding the relationships be- the water path response of non-precipitating clouds is analyzed in conjunction with a measure of the thermodynamic stability in order to indicate the environmental conditions that modulate the susceptibility of these clouds to entrainment/evaporation effects.
Throughout the work, an independent estimate of the cloud albedo is utilized to confirm the importance of careful consideration of the liquid water budget of clouds to aerosol when analyzing indirect effects.
Data
Sixteen [Platnick et al., 2003] , the Advanced Microwave Scanning Radiometer (AMSR-E) [Wentz and Spencer, 1998 ] and pixel scale data from the Clouds and Earth's Radiant Energy System (CERES) [Wielicki et al., 1996] sensor. This combination of the various sensors provides a comprehensive view of the microphysical and radiative properties along with a unique view of the water budget of warm clouds. The data products used in the analysis along with the sensor from which they are derived and the spatial resolutions of each observation are outlined in Table 1 . It must be noted that the analysis that follows does not account for the spatial resolution differences between the various sensors. The CPR provides a unique rain discrimination flag. The precipitation screening centers on the particular sensitivity of the CPR to precipitation sized drops. This sensitivity is used in the implementation of a simple rain screen [Haynes et al., 2008] . The MODIS instru- are determined to be non-precipitating, 11.5% are defined as transitional, and 6.5% are certainly precipitating.
Several retrieval products are utilized to eliminate ice or mixed phase clouds from the analysis. First, the CPR echo top characterization in the level 2B-GEOPROF CloudSat product is used to screen out clouds with a cloud top higher than 500 hPa or a cloud top temperature less than 270 K based on the European Center for Medium range Weather
Forecast-AUXiliary analysis (ECMWF-AUX). Additionally, the MODIS cloud flags in the MOD35 [Platnick et al., 2003] product are used to screen out any pixels that may contain X -10 LEBSOCK ET AL.: AEROSOL INDIRECT EFFECTS ice contamination. Finally the 10.8 micron MODIS brightness temperature (Tb) is used to eliminate pixels with Tb's less than 270 K. After this thorough screening 9,082,936
cloudy pixels remain for analysis.
The level 3 MODIS (collection 5) 0.55 µm aerosol optical depth and the 0.55 µm and 0.867 µm Angstrom exponent are used to derive the one-degree gridded aerosol index. The AI is adopted in this study as a measure of the column CCN.
Using the large scale AI eliminates many of the problems of artificially high remotely sensed aerosol burdens near cloud boundaries. The mean AI is found to be 0.10 and the range from 0.01 to 1 that is adopted in this study is found to contain 96.7% of the data. While CCN concentrations may affect cloud microphysics, it is expected that cloud
properties are primarily a function of the thermodynamic and dynamic environment in which the cloud exists. Therefore an effort must be made to control for these effects when exploring the effects of aerosol. Matsui et al. [2004] found that cloud properties Table 2 shows the magnitude of the linear relationship between the various cloud properties and log 10 (AI). Interpretation of the linear slopes must be qualitative in nature given the persistent non-linearities in the relationships between the cloud parameters and AI. Figure 1a illustrates the relationships between the cloud droplet effective radius and the aerosol index. As expected, r e tends to decrease with increasing AI and Table 2 confirms that the slope of the decrease is relatively independent of stability. A widely reported parameter is the slope of a linear fit of log 10 (r e ) with log 10 (AI). Averaged over the entire range of LTSS, this slope is found to be -0.07, in good agreement with the slopes found however Table 2 highlights the fact that high LTSS environments show greater increases in τ that are inconsistent with the observed decreases in r e .
The inconsistency between the slopes for r e and τ imply variations in the water path response of clouds that depend on the thermodynamic stability. Therefore, it is critical to test the fundamental assumption of the Twomey effect, that is, that the liquid water path is independent of CCN concentration. MODIS cloud liquid water path is derived directly from τ and r e using Equation 1. In addition, an independent estimate of cloud water from AMSR-E is used to verify results found using the optical method of MODIS.
The two retrievals are based on entirely different physical principles, e.g. Stephens and Kummerow [2007] , the optical method being based on reflection of solar radiation and the microwave retrieval being based on emission. Of additional interest, the microwave method is independent of the cloud microphysics for the non-raining clouds considered here, so the microphysical response of clouds to aerosol should have no bearing on results gleaned from this technique.
The trends of the liquid water path with aerosol index are shown in Figures 1c and   1d . Despite the relative bias, both instruments show similar trends lending credence to the validity of this result. Both estimates show a hinge point near AI = 0.15 above which a modest but radiatively significant decrease in liquid water path is observed for all stability regimes. It is further seen in Table 2 that the strength of the relationship between LWP and AI is a function of the stability regime. The results suggest that clouds in unstable environments suffer greater reduction in cloud liquid water path than those in more stable regimes. It should be noted that the magnitude of the relationships given in Table 2 are moderately sensitive to regional sub-setting of the data, however, the LTSS 1977] would show a horizontal trajectory indicating a constant LWP with decreasing r e . The mean decrease in LWP observed in the data acts to decrease the rate at which these trajectories cross the albedo contours with the decrease most evident in unstable environments. These results highlight the fact that it is necessary to consider changes in both r e and LWP when examining the first aerosol indirect effect. It is also emphasized that clouds in unstable environments that tend to be more cumulus in nature are more susceptible to LWP decreases than are clouds in stable environments. 
Where f is the MODIS cloud fraction within the CERES footprint and α is the albedo. The trend of the CERES cloudy sky albedo with AI is given in Figure 1e and again the magnitude of the trends are shown in Table 2 . These independent estimates of albedo agree well with the previous results, indicating that the albedo enhancement is indeed diminished in the lower static stability regime presumably because the LWP decrease is larger in these environments than in the high stability regime. This independent result adds credence to the observations that clouds in unstable environments tend to suffer decreases in LWP not observed in stable environments. The analysis has been performed with both the CERES TOA cloudy sky albedo and a cloud top albedo derived using the MODIS cloud products (τ , r e ) and the two stream approximation. Both estimates of cloud albedo lead to the same conclusions, therefore the following results show the CERES albedo because it provides an independent estimate of this quantity. Figure 4 demonstrates that the two products are well correlated. The high bias of the MODIS estimate results from the sensor resolution differences and the fact that MODIS is a cloud top estimate as opposed to the TOA estimate of CERES.
Although the previous results suggest that the constant liquid water path approximation is not valid on the global scale, it is still of interest to examine the constant liquid water path case. To do this cloud properties are examined as a function of LWP. For example, the CERES cloud albedo is plotted against LWP for four stability and aerosol regimes in Figure 5a . This plot demonstrates that for a constant LWP the increase in albedo is greater for high LWP clouds than it is for low LWP clouds. This result might be slightly counter-intuitive, as one would expect a saturation of the cloud albedo for high
LWP. An explanation for this phenomenon can be found in Figure 5b , which shows r e as a function of LWP for the same stability and aerosol regimes as in Figure 5a 
Invoking the common relationshipr v 3 = kr 3 e [Martin et al., 1994] , [Brenguier et al., 2000] , solving for r e and differentiating with respect to N yields,
Here it is apparent that for a given aerosol perturbation, the sensitivity of the effective radius should increase proportionally to LWP 1/3 . The data indicates that the increased sensitivity of cloud microphysical properties to AI at high LWP overcomes the decreased sensitivity of cloud albedo to optical depth at high LWP.
Precipitating Clouds
The previous results apply to non-precipitating clouds only and it is expected that the response of clouds undergoing a vigorous coalescence process will be different than that of non-precipitating clouds. In this section, the differing responses of non-precipitating, transitional, and precipitating clouds are examined. Here, it is reiterated that the transitional clouds may or may not have rain reaching the surface but they certainly contain large drops indicative of a vigorous coalescence process. Figure 6 illustrates that global relationships between cloud parameters and the AI for the three cloud types and Table   3 shows the strength of the linear relationships between the parameters and log 10 (AI).
D R A F T March 14, 2008, 11:52am D R A F T LEBSOCK ET AL.: AEROSOL INDIRECT EFFECTS X -17
The focus of this section is on the transitional and precipitating clouds, however nonprecipitating clouds are included to emphasize the dramatically different responses of the cloud water budgets of the three cloud types. Figure 6a demonstrates that a decrease in effective radius is observable in all stages of cloud lifetime, even clouds that are certainly precipitating. Interpretation of the remotely sensed r e in the transitional and precipitating clouds that have bimodal size distributions is difficult, however the radiative implications of this result are more straight forward as can be seen in Figure 6b which shows that cloud optical depth increases commensurate with the decreasing r e for all cloud regimes. These results suggest that clouds in all stages of their life are susceptible to albedo enhancement of the first indirect type.
As in the non-precipitating case, it is critical to examine aerosol effects on precipitating clouds within the context of the cloud water budget. Figure 6c shows the average LWP as a function of AI for the three cloud regimes. This estimate of LWP is derived from AMSR-E, and is the cloud component of the water path only. The non-precipitating clouds show a moderate decrease in water path whereas the transitional and precipitating clouds show fairly dramatic increases in water path. The linear slopes highlighted in Table   3 suggest that this slope is of the order of several dozen g/m 2 for an order of magnitude increase in AI for transitional and precipitating clouds. The inferred explanation for this result would be an inhibited coalescence process in the presence of enhanced aerosol resulting in greater amounts of cloud water. Note also the similarity between the trends of τ and LWP highlighting the important dependence of the cloud radiative properties on the liquid water path. The similarity between these trends is indicative of the dominance of the water path effect over the r e effect in precipitating and transitional clouds.
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It should be noted that the microwave estimate of the cloud water in transitional and precipitating clouds path suffers from uncertainty due to algorithm assumptions that are not required in non-precipitating clouds. It is of primary concern that a single precipitation drop size distribution (DSD) is used in the retrieval. For non-precipitating clouds the Rayleigh approximation may be used to model the cloud emission as a function of the LWP alone in the 37 GHz channel used for the cloud water retrieval, however this approximation breaks down and the Mie theory must be invoked to model the emission properties of precipitation size drops. For example, in the Mie regime larger drops emit more efficiently than smaller drops for a fixed precipitation water content. Therefore, if the retrieval algorithm incorrectly partitions the water between cloud and rain or simply distributes the precipitation water over an incorrect DSD, the emission characteristics of the cloud will be modeled incorrectly resulting in an error in the water path estimate.
Despite this and other difficulties, interpretation of the trends of water path with AI are less troublesome. As an example consider errors that derive from the DSD assumption.
One would expect smaller drops in the high AI environments. These smaller drops would be less efficient emitters than large drops resulting in a potential underestimation of total water in the high AI regime. However, the opposite trend is seen in LWP, suggesting that the trends seen in Figure 6c are real as opposed to an artifact of retrieval assumptions, and may in fact be underestimated.
While Figure 6c demonstrates that aerosol enhances LWP in precipitating and transitional clouds, additional evidence is required to indicate that a suppressed coalescence process is the responsible mechanism. To this end Figure 6d shows the relationship between AI and the mean cloud reflectivity. This quantity has been shown to be proportional
to the coalescence rate [Stephens and Haynes, 2007] , [Suzuki and Stephens, 2008] and due to its dependence on the sixth moment of the drop size distribution, is most sensitive to large drops. Although this result is qualitative in nature it is indicative of inhibited coalescence rates and smaller cloud droplets and precipitation drops for all cloud regimes with increasing AI. Figure 7 shows that along with an inhibited coalescence process, the probability of precipitation is suppressed in high AI environments. This result is stratified by CWV, which is well correlated with the probability of precipitation. The consistency of the trend in all water vapor regimes suggests that precipitation suppression could be widespread in nature. Finally, Figure 8 demonstrates that for any given LWP the probability of precipitation is reduced in the high AI regime by approximately 5% in all LWP bins above 80 g/m 2 , indicating that more water must condense in dirty clouds before the onset of precipitation. This result is qualitatively consistent with in situ observations of stratocumulus [vanZanten et al., 2005] , [Pawlowska and Brenguier, 2003 ] that indicate that clouds must grow deeper as droplet number concentration increases before precipitation begins.
The enhanced LWP of transitional and precipitating clouds implies an enhanced albedo response of these clouds relative to non-precipitating clouds. This is confirmed in Figure   6e and Table 3 , which demonstrate that the albedo effect is substantially enhanced for transitional and precipitating clouds. Analyses of albedo effects resulting from aerosol suppression of precipitation are generally focused on the cloud lifetime or the cloud fraction. 
Regional and Seasonal Variation
Results to this point, have dealt with a globally composited analysis of the data. It is also of interest to examine the regional and seasonal distribution of indirect albedo enhancement as well in order to identify the types of clouds that are susceptible to indirect effects. The most direct measure of the first indirect effect is the relationship between the TOA cloudy sky albedo and the aerosol index. The regional distribution of the strength of this relationship is shown in Figure 9 . A fair amount of noise is present in this figure due to the substantial dependence of the cloud albedo on, and the large variability of, the LWP.
Nonetheless, coherent spatial patterns are discernible that indicate that the magnitude of the indirect effect appears to be greatest in the extratropics and in the subtropical stratus regions. Furthermore, the relationship tends to be strongest in the winter hemisphere.
Sekiguchi et al. the relationship between AI and albedo is strongest in the winter hemisphere, the winter hemisphere also has fewer low level warm clouds and less solar radiation both of which would act to limit the magnitude of the radiative forcing.
It is possible to use the seasonal maps shown in Figure 9 along with maps of the seasonal low cloud amount (not shown) and the calculated seasonal mean solar insolation to estimate the radiative forcing of the first aerosol indirect effect over the global oceans.
This requires an assumption of the increase in CCN concentrations due to anthropogenic activity. Here we assume a globally uniform 30% increase following Sekiguchi et al. [2003] and references therein. The radiative forcing may then be calculated by weighting each regional box by the fractional area that it represents and the seasonal low cloud fraction and then weighting the result by the fractional area of Earth that was analyzed. This gives a radiative forcing of the first aerosol indirect effect of -0.42 W/m 2 in good agreement with both model and observational estimates of this effect [Forster et al., 2007] . The strength of this estimate is that it incorporates observed relationships between the cloudy sky albedo and aerosol concentration that constrain the cloud albedo response in a realistic manner. However, a notable limitation of this estimate and a major source of uncertainty in all estimates of the magnitude of all aerosol forcing estimates, is the assumption of the anthropogenic aerosol fraction. In particular, it should be expected that the anthropogenic aerosol fraction has a large regional and seasonal variability and neglecting this may bias the result. Future estimates of the magnitude of this effect should incorporate both model derived anthropogenic aerosol distributions and a strong observational constraint on the cloud albedo response like the one presented here that include both r e and LWP effects. 
